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ABSTRACT
A wide assortment of properties can be achieved in polymer nanocomposites pre-
pared using layer-by-layer assembly. Through aqueous processing in ambient con-
ditions, thin film gas barriers and electrical conductors, for example, can be made
to rival films created by more arduous processing techniques, such as vacuum de-
position. In this work, polymer/platelet nanocomposite thin films were studied.
Montmorillonite clay (MMT) was deposited with pyrene-labeled polyethyleneimine
(PEI-Py), which was synthesized and used for its ability to partially self-agglomerate
when deposited. This led to denser deposition of layers, allowing the role of den-
sity in thin film gas barriers to be probed. Increased density (1.45 vs. 1.24 g/cm3
for neat PEI films) led to a drastic increase in barrier properties (0.059 vs. 0.75
cm3/m2/day/atm) for films of similar thickness (after 12 deposition cycles). When
graphene oxide (GO) and PEI were layered and thermally reduced, electrical conduc-
tivity (1750 S/m) resulted. Undectable (< 0.005 cm3/m2/day/atm) oxygen barrier
of GO-based films was realized after ≤ 20 deposited layers in low humidity condi-
tions. At high humidity, films containing reduced GO were more than 100x more
effective at blocking O2. These same films were patterned before reduction to form
conductive pathways. Patterning was accomplished by exposing the films to a basic
solution absorbed in patterned agarose stamps. This wet etching technique was used
to remove the GO-based assembly quickly, and SEM confirmed that little material
was left behind after etching. GO charge, layer thickness, and resistivity are closely
related to pH. As the pH decreases, GO particles become more neutral in solution,
confirmed by lower zeta potential, leading to thicker deposition and lower resistivity.
ii
NOMENCLATURE
BL Bilayer
EDS Energy dispersive x-ray spectroscopy
FIB Focused Ion Beam
FT-IR Fourier transform infrared spectroscopy
GO Graphene oxide
LbL Layer-by-layer
MMT Sodium montmorillonite clay
OTR Oxygen transmission rate
PAA Poly(acrylic acid)
PAH Poly(allylamine hydrochloride)
PEI Polyethyleneimine
PEI-Py Pyrene-labeled polyethyleneimine
PET Polyethyleneterephthalate
PSS Poly(styrene sulfonate)
QCM Quartz crystal microbalance
QL Quadlayer
rGO Reduced graphene oxide
RH Relative humidity
SEM Scanning electron microscopy
TEM Transmission electron microscopy
XPS X-ray photoelectron spectroscopy
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I. INTRODUCTION
1.1 Background
Strong interest in traditional and flexible organic electronics is driving the need
for electrically conductive layers with high oxygen barrier properties that can be ap-
plied using low cost methods.1 With growing interest in flexible electronics, finding
equally flexible materials that can adapt to these purposes is a necessity. Organic
light emitting diodes (OLEDs), for instance, become inoperable within hours of ex-
posure to oxygen and water vapor.2,3 Commercially available options that meet these
requirements rely on expensive vapor phase application under vacuum,4 such as SiOx,
AlxOy, and metallized films, which are subject to cracking under strain and suffer
from pinhole defects.5–10 The expense and rigidity of these coatings makes them poor
candidates for the protection of OLEDs, so other types of encapsulation will be nec-
essary for their commercialization. Both clay and graphene oxide offer considerable
advantages in this regard, as both are relatively inexpensive and graphene oxide is
water-dispersible. Graphene oxide can also be reduced into an electrically conductive
form.11
Patterned conductive surfaces are ubiquitous in electronic devices, being com-
monly utilized in printed circuit boards (PCBs) and integrated circuits (ICs). Tra-
ditional PCB and IC designed around rigid substrates—epoxy for PCBs and sili-
con/silicon dioxide for ICs—in their manufacture. These rigid substrates are unsuit-
able for flexible electronics. Furthermore, the fabrication of these patterned surfaces
is both complicated, expensive, and dangerous.12 PCB patterning uses either electro-
plating or electroless plating, both of which produce a considerable amount of toxic
side products and environmental pollutants.13,14 IC fabrication, through commonly-
1
used photolithography, results in a large number of contaminants from chemicals
used to treat wafers.15,16 Patterning of conductive pathways on flexible substrates is
impossible using these current technologies, though both would benefit substantially
from simplified environmentally-friendly techniques.
Both patterning of circuits and gas barrier packaging for electronics can be much
safer and less expensive if durable electrically conductive coatings can be applied
from aqueous solutions of benign chemicals and processed under ambient or near-
ambient conditions. In the present work, layer-by-layer (LbL) processing was used
to achieve this goal. LbL processing, a method whereby substrates are dipped into
alternate solutions of aqueous polyelectrolytes, as shown in Figure 1.1, produces a
thin (typically < 1 µm) coating17–19 capable of applications as diverse as drug deliv-
ery,18,20–22 sensing,23,24 self-cleaning,25,26and flame retardancy.27,28 The thickness and
morphology of the deposited layers may be tuned by varying processing conditions
(e.g. pH29 and concentration30) of the requisite solutions, which ultimately influences
macroscopic properties, such as gas permeability.31–33 When graphene oxide is incor-
porated into these films, gas barrier and electrical conductivity are attainable.34,35
LbL processing with graphene oxide (GO) and polyethyleneimine (PEI) is able to
realize coatings that are both impermeable to gas and electrically conductive. Pre-
liminary results show that layers formed with these materials are capable of ultra-low
gas permeability (below 7× 10−22 cm2/s/Pa on PET film) with conductivity of 1750
S/m.
1.2 Objectives and Dissertation Outline
The purpose of the research contained herein is to explore the multi-functional
nature of polyelectrolyte multilayer assemblies, specifically oxygen barrier and elec-
trical conductivity. This research is ultimately important to electronics, which are
2
Figure 1.1: Schematic of layer-by-layer growth of polymer and platelet polyelec-
trolytes. The polymer is deposited, followed by rinsing, then the platelet is deposited
followed by another rinse. This process is repeated until the desired number of layers
is deposited.
in need of both barrier films (to protect susceptible organic components within) and
conductive films (as antistatic layers and electrodes). This work presents proof of
concept for multilayer films containing nanoplatelets (clay, graphene oxide).
Chapter II presents a review of layer-by-layer technology, gas barriers, and graph-
ene oxide. Layer-by-layer is a processing technique that was used to deposit polyelec-
trolytes onto surfaces for every study in this dissertation. An overview of permeation
and theories surrounding how gas molecules diffuse in polymer multilayers is also pre-
sented, along with a summary of existing barrier films. Graphene oxide (GO) is also
surveyed because it is only recently beginning to find extensive use in materials and
because the chemistry, structure, and uses of this material is not yet commonplace.
Chapter III describes thin film assemblies made from a chemically-modified poly-
electrolyte. In this study, polyethyleneimine (PEI) was labeled with pyrene groups,
which are known to have pi-pi stacking interactions with itself and other conjugated
materials. This hydrophobic interaction causes the polymer to coil in solution with-
3
out completely losing water solubility. This polymer was compared with neat PEI in
clay-containing assemblies with regard to film thickness, density, and oxygen barrier
properties. Fourier-transform infrared spectroscopy (FTIR) was used to determine
effectiveness of pyrene labeling. Film density was calculated from quartz crystal mi-
crobalance (QCM) and profilometry measurements, which measure mass deposited
and thickness, respectively. Oxygen transmission rate (OTR) testing was performed
to determine the permeability of these assemblies.
Chapter IV describes how reduction of GO in GO/PEI influences gas barrier
properties and imparts electrical conductivity. GO before and after reduction in the
already-deposited assemblies was investigated by reducing with heat above 150◦C.
The reduction was monitored through x-ray photoelectron spectroscopy and electrical
conductivity measurements. The resulting microstructures were analyzed by both
scanning and transmission electron microscopy. The oxygen barrier of the film, in
both dry and humid environments, was shown to be influenced by the reduction.
Chapter V examines using the same films described in Chapter IV for patterning
using wet stamping. In this study, films were deposited and selectively etched by
swelling agarose stamps with basic solutions, which was effective in removing exposed
film. The effect of changing the pH of GO suspensions was also evaluated to deter-
mine if thickness of the films would have an influence on conductivity and etch. The
influence of pH on GO suspensions was monitored by zeta potential measurements,
while the film thickness was determined by profilometry and conductivity by a four-
point probe apparatus. The quality of the etch was examined by energy-dispersive
x-ray spectroscopy (EDS) mapping, SEM, and FTIR.
Chapter VI looks at the overall impact of this work and possible future directions.
The dissertation was focused on gas barrier and electrical conductivity of multilayer
assemblies. To further improve upon these systems, refinement of patterning tech-
4
niques, such as photolithography, will need to be employed along with inclusion of
other conductive fillers to replace electrically-insulating PEI. Decreasing feature size
of patterned films will increase their attractiveness for use in commercial electronics.
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II. LITERATURE REVIEW
2.1 Layer-by-Layer Assembly
2.1.1 Parameters Influencing Assembly
The processing technique that is known today as layer-by-layer (LbL), and used
to form polyeletrolyte multilayers (PEMs), was first described by Iler in 1964. Iler
initially studied the mutual adsorption of colloidal silica onto alumina and colloidal
alumina onto silica. He noted several important factors: (1) controlling solution pH
in these experiments in order for siliceous substrates to bear a negative charge, which
would attract a monolayer of alumina and reverse the charge on the surface, (2) the
attracted species must be present in excess in order to fully reverse the surface charge,
and (3) coatings made using this technique did not easily rinse off.36 In 1966, Iler
developed the first multilayers using alumina fibrils and spherical silica particles to
coat black glass by dipping the glass into one solution, carefully rinsing and drying
the glass to remove excess colloidal particles, and dipping into the other solution and
rinsing. Repeating this process of dipping, he was able to increase the thickness of
the adsorbed layers to produce films on the order of 100 to 1000 µm.37
In 1992, Decher introduced LbL processing with polymer polyelectrolytes. With
polystyrenesulfonate (PSS), polyvinylsulfate, poly(allylamine hydrochloride) (PAH)
and poly(4-vinylbenzyl-(N,N -diethyl-N -methyl-ammonium iodide), it was shown that
consecutive submersions of silicon or quartz in alternately charged solutions produced
multilayers on the substrate. Figure 2.1 shows a schematic of this process. Moni-
toring the film thickness by small angle x-ray scattering and UV/vis spectroscopy, it
was shown that the thickness of the films corresponded directly with the number of
deposited layers.17,38,39
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Figure 2.1: Schematic of layer-by-layer growth of polymer polyelectrolytes. After
each consecutive dip into aqueous solution, the charge on the surface is reversed.
This process can be continued to produce an arbitrary number of layers. Adapted
from ref. [39].
The microstructure of these films was investigated to determine whether discrete
layers existed. With x-ray data alone, it was impossible to tell whether the layers
were discrete (they were too close to yield enough contrast), so neutron scattering was
employed. When every polyanion layer was deuterium-labeled, neutron scattering
also displayed an absence of Bragg peaks, indicating that the polyelectrolyte layers
overlap considerably. This led to the conclusion that the concentration profile of
each layer in the film must overlap considerably with the layer on either side of it,
as shown in Figure 2.2.40
For polyelectrolyte multilayer assembly, a number of factors determine how the
film will grow. Weak polyelectrolytes, those with pKa values in the range of 0-
12, have charge and conformation characteristics governed primarily by solution pH.
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Figure 2.2: Schematic of layer-by-layer growth of polymer polyelectrolytes. After
each consecutive dip, the charge on the surface is reversed. This process can be
continued to produce an arbitrary number of layers. Adapted from ref. [40].
For instance, when a polyacid is in solution at low pH, it is mostly protonated and
uncharged, and it will adopt a coiled solution conformation. At high pH, this same
polymer it is mostly deprotonated, highly charged, and extended in solution. The
polymer conformation leads to increased (uncharged, coiled) or decreased (charged,
extended) layer thickness. If both polyelectrolytes used in the LbL process (one
polyacid and one polybase) are adjusted to the same pH conditions, a maximum in
thickness will be observed when both polymers have lower charge density in neutral
pH conditions.30,41 Increasing the ionic strength by adding salt to polyelectrolyte
solutions causes their charge to be screened. This causes them to adopt more coiled
conformations, the extent of which is controlled by the salt concentration and valency.
The resultant increase in thickness is proportional ionic strength as Ia, where I is the
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ionic strength and a ranges from 0.5 to 1.42–44 Increasing the temperature of solutions
for LbL assembly causes additional swelling in most polyelectrolytes, which causes
greater interpenetration of layers and leads to increased thickness (Figure 2.3).45–47
Figure 2.3: Film thickness as a function of deposition temperature. Thicker films
result from increasing temperature due to increased entanglement of the depositing
species with the already-deposited film. Adapted from ref. [47].
Though electrostatic interactions are the most common in LbL processing, many
other interactions can be employed, several of which preclude the need for poly-
electrolytes altogether.48 Hydrogen-bonded assemblies have been used for polymers
with low charge density or non-polyelectrolyte polymers, such as poly(ethylene ox-
ide), poly(vinyl alcohol), polyvinylpyrrolidone, and even biological macromolecules
such as proteins and DNA.49–53 Charge transfer interactions between donors and
acceptors have also been demonstrated in multilayer films. In this type of interac-
tion, a charge donor on one polymer forms a complex with an acceptor on another,
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which has been shown between a carbazole and a nitrobenzoyl.54,55 Binding is also
possible between different species through biological interactions, such as antibody-
antigen and avidin-biotin conjugation.56,57 Inorganic complexation–interactions be-
tween metal centers and ligands–leads to the formation of extended networks, which
can be built into a surface coating. For example, Zr(IV) can bind to four separate
1,10-decanebisphosphonate molecules, which can themselves bind two Zr each.58 In
another study, PSS sodium salt was cation exchanged with Cu2+ and layered with
polyvinylpyrrolidone, which acts as a ligand to the copper centers.59 Forming cova-
lent linkages between layers in these LbL assemblies is another approach, which can
involve many different organic bond-forming reactions. In many cases, these films
are more robust to mechanical and chemical attack.60–62
Figure 2.4: Types of interactions suitable to produce LbL films. Adapted from ref.
[48].
10
2.1.2 Applications
Layer-by-layer deposition has been used extensively for the wide variety of prop-
erties it can impart. These properties serve roles in nearly every area of science and
engineering, including biology and biomedical engineering, chemistry and chemical
engineering, energy, electrical engineering, and others. The relative ease of process-
ing (typically in ambient conditions with water as a solvent) makes it an attractive
technology.
Biological and biomedical engineering applications of LbL are among the most
popular uses for this technique.63 Onda investigated anionic glucose oxidase layered
with several different polycations, which produced films containing the enzyme. The
films exhibited catalytic activity, converting O2 and glucose into H2O2, which was
maintained for weeks after storage in air and treatment of the films with various
pH and temperature conditions.64 Peroxidase has also been used in similar films to
convert the products of glucose oxidase catalysis into water, while monitoring an
indicator dye DA67. Monitoring the conversion spectroscopically, it was found that
increasing the number of layers increased the rate of conversion.65 Glucose oxidase-
containing assemblies are also good glucose detectors, with detection limits as low
as 0.20 mmol/L.66 Other biosensors are also possible, such as layered anti-IgG being
capable of detecting IgG.67
Because polyelectrolyte-based assemblies are pH sensitive, they are easily used
for pH stimulated release of therapeutics. Layering PAH and sodium hyaluronate
and soaking the films in Indoine blue or Chromotrope 2R, both commercial dyes,
Burke showed that the dyes could diffuse into the films. Deswelling the films was
easily achieved by monitoring UV/vis spectra after immersing the dye-swollen films
in solutions of various pH. The exact pH of maximal deswelling dependeds on the
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dye (Figure 2.5).68 Heparin and chondroitin sulfate, actual chemical therapeutics,
display similar behavior.69
Figure 2.5: Release of Chromotrope 25 (filled) and Indoine Blue (unfilled) as a
function of pH from PAH/hyaluronate films swollen with the dyes. Adapted from
ref. [68].
Multilayer films have also been used extensively to solve traditional chemical en-
gineering challenges.70 Gas separation, especially for light gases such as H2, CH4,
N2, CO, and CO2, is of particular interest. McCarthy showed excellent selectiv-
ity (> 100) for H2/N2 using PAH/PSS multilayer films, with selectivity increas-
ing, but permeation decreasing, with the number of deposited layers.71 Sullivan
coated poly(amic acid)/PAH on porous alumina, which was then heated to convert
poly(amic acid) into polyimide. This coating provided selectivity of 6.9 for O2/N2
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and 68 for CO2/CH4, with relatively high permeability.
72 Applying polyethyleneimine
(PEI) and poly(acrylic acid) (PAA), Kim was able to not only exceed the Robeson
upper bound, recreated in Figure 2.6, but achieve selectivities greater than any ever
reported for both H2/CO2 and H2/N2 separation.
73 Gas barrier has also been stud-
ied extensively, which will be the topic of later chapters, but PEI/montmorillonite
(MMT), PEI/PAA, and PEI/PAA/PEI/MMT have all been shown to reduce O2
permeation on PET by 3-4 orders of magnitude.74–76 Reverse osmosis with LbL films
has also been studied. Layering polyvinylamine and poly(vinyl sulfate potassium
salt) on polyacrylonitrile (PAN)/PET substrates resulted in salt rejection for NaCl
and Na2SO4 of up to 93.5% and 98.5%, respectively.
Applications of LbL to electronics are vast. Nanoparticle incorporation, for
instance, is popular for making electrically conductive films. Carbon nanotubes
have been used to make conductive thin films through either covalent functional-
ization or stabilization by surfactants or polymer. Such systems include carboxyl-
and amine-functionalized CNT layers, PDDA/CNT from multi-walled CNTs sta-
bilized in borate buffer, and PDDA/CNT from single-walled CNTs stabilized with
deoxycholate..77–79 Many novel materials have been used to create devices as well.
Kovtyukhova fabricated p-n heterojunction diodes from a double-layered LbL film of
n-type W12O41/TiO2 on top of p-type PAN/CNTs.
80 Dye-sensitized solar cells were
fabricated by layering PDDA and TiO2, which was then loaded with a ruthenium
dye by Agrios, which was capable of > 5% efficiency.81 Electrochromic response has
even been observed by Park in films containing poly(vinyl pyridine-co-styrene) and
WO 2–4 , shown in Figure 2.7.
82
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Figure 2.6: Robeson upper bound plot for H2/CO2 selectivity as a function of H2
flux. PEI/PAA multilayers (circled in red) display better selectivity than any other
material, including metal-organic frameworks and zeolites. Adapted from ref. [73].
2.2 Gas Barriers and Diffusion
2.2.1 Gas Barriers
Gas barriers are of particular interest in packaging, as barriers are needed to keep
unwanted gases (typically O2 and H2O) from interacting with the contents. As Table
2.1 shows, this is not a trivial problem because polymer permeability is high to most
common gases.83,84 LDPE and PET are inexpensive and flexible packaging materials,
some kind of treatment must be performed so that shelf life of the packaged good
(food, e.g.) can be extended as far as possible.
Since the 1970s, metallization has traditionally imparted excellent barrier prop-
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Figure 2.7: Electrochromic response of WO 2–4 -based LbL films. Adapted from ref.
[82].
erties to polymer packing materials.85,86 Metallized polymers typically offer several
orders of magnitude in reduction in oxygens permeability. Polymer films are typ-
ically metallized in vacuum in a roll-to-roll scheme in which hot metal in crucible
is evaporated onto the polymer film as it passes over in the process of spooling the
film from one roll to another, as illustrated in Figure 2.8. This process results in a
uniformly-coated barrier film that reduces O2 permeation by two orders of magni-
tude,83,85,86 metallization has three main drawbacks: vacuum is industrially expensive
and difficult maintain, it is not microwavable, and it is completely opaque.
In response to the shortcomings of metallized films, SiOx coatings were developed
in the 1980s for transparent barrier layers on polymer films.85,87,88 Plasma-enhanced
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Table 2.1: Permeability of common polymers to O2 and H2O Adapted from ref.
[83].
Polymer
Oxygen Permeability at
23 ◦C, 50% or 0% RH
Water vapour
permeability
at 23 ◦C, 85% RH
[cm3mm/m2/day/atm] [g ·mm/m2/day]
Poly(ethylene terephthalate) (PET) 1-5 0.5-2
Polypropylene (PP) 50-100 0.2-0.4
Polyethylene (PE) 50-200 0.5-2
Polystyrene (PS) 100-150 1-4
Poly(vinyl chloride) (PVC) 2-8 1-2
Poly(ethylene naphthalate) (PEN) 0.5 0.7
Polyamide (PA) 0.1-1 (dry) 0.5-10
Poly(vinyl alcohol) (PVAL) 0.02 (dry) 30
Ethylene vinyl alcohol (EVOH) 0.001-0.01 (dry) 1-3
Poly(vinylidene chloride) (PVDC) 0.01-0.3 0.1
chemical vapor deposition (PECVD) is typically used to deposit SiOx on plastic
substrates from the reaction of precursor silane and oxygen gases. If the gas ratio
is not carefully controlled in this process, atomic oxygen (formed in the plasma) is
capable of etching holes in the polymer film.89 These coatings provide similar barrier
characteristics, but unlike metallized film, they are tranparent and microwavable.
Like metallized films, however, SiOx is also applied under vacuum and it suffers from
another major limitation—SiOx is subject to cracking (Figure 2.9)—which negates
its barrier properties.6,87
Simpler and more cost-effective polymer processing techniques, such as co-extrusion
or co-injection, are possible with bulk polymer composites. Polypropylene/ethylene
vinly alcohol and poly(ethylene terephthalate)/liquid crystal polymer blends and
epoxy/clay composites, for instance, are capable of reducing permeability by an or-
der of magnitude.83,90–92 Although processing is much simpler for these materials,
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Figure 2.8: Roll-to-roll processing of polymer film in vacuum by passing continu-
ously fed film over evaporating aluminum. Adapted from ref. [86].
the oxygen barrier achieved is typically worse than metallization or SiOx can achieve
(by an order of magnitude or more). Additional difficulties in producing complete
blends and adequate dispersions, which effect mechanical and visual properties, are
also challenges.
2.2.2 Gas Diffusion
In uniform, homogeneous solids at steady state, Fick’s Law (Eq. 2.1) relates
the diffusive flux J (the amount of diffusing species per area per time) to the dif-
fusion coefficient D (generally proportional to an Arrhenius expression and specific
to diffusing species and the material through which diffusion is occurring), the con-
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Figure 2.9: Scanning electron micrograph of cracked SiOx on polypropylene. Adap-
ted from ref. [87].
centration of the diffusing species φ, and position x. For barrier materials, this
expression produces a relationship between the gas flux, diffusivity in the material,
and the concentration of the gas in the material at a given depth:93
J = −D∂φ
∂x
(2.1)
For thin films, the gas generally diffuses through the entire film, and Fick’s law
can be expressed as:
J = −P A∆p
t
(2.2)
In this case, J is related to the film area A and thickness t, permeability coefficient P
(analogous to the diffusivity coefficient) and pressure drop across the film ∆p.94 For
thin barrier coatings on substrates, ideal laminate theory can be used to determine
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the overall permeability of a film based on the permeability of the component layers:7
P =
(
tc
Pct
+
ts
Pst
)−1
(2.3)
Similar to electrical resistors in parallel, the reciprocal of the overall film perme-
ability P is the sum of the reciprocal of the coating permeability Pc and substrate
permeability Ps, which are both scaled by their relative thicknesses
tc
t
and ts
t
. In the
research presented in this dissertation, Equation 2.3 is used to calculate the Pc, as
P and Ps are found experimentally through gas transmission testing.
2.2.3 Nielsen Model
Fickian diffusion is not possible for materials with heterogeneous microstruc-
tures, as diffusion through the components of the material differs. The simplest
way to model behavior in nanocomposite films is to consider the nanocomposite as
a binary mixture of gas-permeable and gas-impermeable components. In polymer
nanocomposites, the polymer is most often both the continuous and permeable phase.
Common impermeable materials include ceramic oxides, clays, and carbon nanoma-
terials.34,76,92,95–99 As illustrated in Figure 2.10, incoming gas molecules are forced
to diffuse around impermeable flakes, leading them to take a long path through the
material that increases diffusion time. A few models have been proposed to explain
the effects these fillers have on gas diffusion in polymer composite thin films.
Nielsen made the earliest attempt at explaining the barrier behavior of nanocom-
posite thin films in 1967, suggesting ideal behavior of flake-like fillers that are uni-
form in size and all oriented perpendicular to the diffusion direction in a regular
array.95,100,101 The filler particles are completely dispersed in the matrix, and effects
of voids, poor dispersion, and misaligned particles that would adversely affect barrier
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Figure 2.10: A schematic of gas diffusion through a polymer film containing im-
permeable flakes. Incoming gas molecules are incapable of taking a direct route, so
a more tortuous path is taken, leading to increased diffusion time. A typical flake is
characterized by its aspect ratio α (its length divided by its width).
properties are not considered. The relative permeability is given by:
P
P0
=
1− Φ
1 + Φα
2
(2.4)
where P is the composite permeability, P0 is the permeability of the neat polymer,
Φ is the volume fraction of filler, and α is the aspect ratio of the filler particle. The
effect of aspect ratio is shown in Figure 2.11.
The basis for decreased permeation in the Nielsen model is increased path length
of gas molecules due the tortuosity of the composite: volume fraction of filler and
particle aspect ratio are the only factors governing gas permeation. This model
provides a good theoretical basis for flake-filled polymer composites, but is unable to
account for such factors as non-perpendicular orientation and polydispersity of the
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Figure 2.11: Plot of relative permeability as a function of volume fraction of filler,
with various aspect ratios in polymer composite films, according to the Nielsen model.
Adapted from ref. [100]
particles and fails to distinguish one-dimensional filler particles (such as rods) from
two-dimensional filler particles (such as platelets).
2.2.4 Cussler Models
In 1988, Cussler proposed a model that addresses deficiencies in the Nielsen
model, and refinements of this model continue to be made for various fillers.102–104
Similar to the Nielsen model, the Cussler model considers the diffusing species to
be taking a toruous path between impermeable flake fillers, and that the barrier
properties are driven entirely by lengthening of the diffusion path. The first notable
difference between the Cussler and Nielsen models is that the Cussler model con-
siders the spacing between particles in a regular array σ, from which the predicted
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relative permeability is derived:
P
P0
=
(
1 +
αΦ
σ
+
α2Φ2
1− Φ
)−1
(2.5)
Figure 2.12: Plot of relative permeability vs. volume fraction of filler with vari-
ous pore spacings in polymer composite films according to the Cussler model.102 A
constant α = 2 is used.
Figure 2.12 illustrates the relationship between decreasing σ and decreasing rel-
ative permeability. For irregularly-spaced arrays of particles, Cussler also provided
a generic basis for the determination of relative permeability based on a geometric
factor µ:
P
P0
=
(
1 + µα2
(
Φ2
1− Φ
))−1
(2.6)
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Initially, µ was not assigned a particular value, but later refinements to the model
were made to account for this:
P
P0
=
((
1 + 2
3
αΦ
)2
1− Φ
)2
(2.7)
Further adjustments to the Cussler model have also explained how polydispersity in
the particle size distribution affects permeability.103
2.2.5 Other Barrier Models
While the work of Nielsen and Cussler has provided a strong foundation for the
description of gas permeation in flake-filled polymer composites, other notable models
have also been generated. These include the developments of Bharadwaj,105 Fredrick-
son and Bicerano,106 and Gusev and Lusti,107 each of which addresses complexities
not previously considered.
The Bharadwaj model considers the case for which particles are not aligned per-
pendicular to the direction of permeation. This was accomplished by introducing a
shape factor S (Eq. 2.8) to account for various rotations of platelets θ, where θ = 0
indicates perpendicular alignment and θ = pi
2
indicates parallel alignment. With this
factor, the relative permeability then becomes:105
S =
1
2
(
3 cos2 θ − 1) (2.8)
P
P0
=
1− Φ
1 + 1
3
αΦ
(
S + 1
2
) (2.9)
Note that for perpendicular orientations, the relative permeability defaults to the
Nielsen value.105 In the Nielsen and Cussler models, filler particles were considered
to be infinitely long ribbons in a polymer composite. Fredrickson and Bicerano were
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the first to consider the filler particles as disks, which is more realistic. In order to do
this, a convergent infinite series is derived, for which the first two terms sufficiently
approximate the desired behavior:106
P
P0
=
1
4
(
1
1 + 2−
√
2
4
αΦ
pi lnα
+
1
1 + 2+
√
2
4
αΦ
pi lnα
)2
(2.10)
Finally, Gusev and Lusti contributed computational models of polymer composite
barrier films. Monte Carlo simulations of a randomly-placed perpendicularly-aligned
array of impermeable platelets, which is in close agreement with the models previ-
ously discussed:
P
P0
= exp
(
−
(
αΦ
3.47
)β)
(2.11)
2.3 Graphene Oxide
Graphite oxide (graphene oxide, GO, is single sheets of graphite oxide) was first
created in 1859 by Brodie.108 He prepared pale yellow crystals of this material by
repeated oxidation of Ceylon graphite in fuming nitric acid and potassium chlorate:
graphite
HNO3 + KClO3
5 x GO (2.12)
He noted that the isolated product had an empirical formula of C11H4O5 and that
it ”belongs very distinctly to the class of acids,” which was ascertained from its
solubility in basic solutions, but not in solutions containing acids or salts. Brodie
also noted that the original graphitic appearance of the material could be restored if
it was treated with reducing agents.
In 1870, Berthelot found that carbon from various sources, both amorphous
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and graphitic, could be converted into the same kind of graphitic oxide found by
Brodie.109,110 In 1899, Staudenmaier treated Ceylon graphite with concentrated sul-
furic and nitric acid, slowly adding potassium chlorate, yielding a green product. He
then treated this with potassium permanganate and sulfuric acid, which together
form the extremely oxidizing manganese heptoxide, to produce the yellow graphitic
oxide:
graphite + H2SO4
1. HNO3 + KClO3
2. KMnO4
GO (2.13)
This represented a significantly easier route than the multiple oxidations performed
by Brodie and Berthelot.111 Charpy studied the reaction conditions of previous syn-
theses in 1909 and found that mixing graphite with sulfuric acid in potassium per-
manganate yielded graphitic oxide at room temperature, but evolved carbon monox-
ide and dioxide in small quantities at 100 ◦C. Using chromic acid instead of perman-
ganate, gas evolution increased substantially under similar conditions.112 Balbiano
determined that graphite oxide spontaneously exfoliates when heated rapidly. He
also discovered that, while the color of the oxides is dependent on the absorption
products of graphite, water, and carbon monoxide and dioxide, it is chemically sim-
ilar.113
Building on these early studies, Hummers prepared graphite oxide by treating
graphite with sodium nitrate and potassium permanganate in sulfuric acid:
graphite + H2SO4 + NaNO3 + KMnO4 GO (2.14)
The reaction mixture was so oxidizing that it needed to be kept in an ice bath
initially to control the reaction rate. When compared with Staudenmaier’s method,
Hummers’ method yields a much higher carbon-to-oxygen (C:O) ratio (2.25 vs. 2.89)
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indicative of greater oxidation of the graphite. The method proposed by Hummers
was so successful, it is the most common method currently available for producing
graphene oxide.114 In 1999, Kovtyukhova proposed that Hummers’ method resulted
in incompletely oxidized core-shell graphite/GO particles in the final product. To
prevent this, a pre-oxidation step involving treatment of graphite powder with sul-
furic acid, potassium peroxydisulfate, and phosphorus pentoxide (before performing
Hummers’ method, producing a much lower C:O ratio of 1.3) was utilized:115
graphite + H2SO4
1. K2S2O8 + P2O5
2. NaNO3 + KMnO4
GO (2.15)
The newest method widely used to create GO was developed by Tour in 2010. In
order to more completely oxidize graphite in a one step reaction, phosphoric acid
was used in place of sodium nitrate:116
graphite + H2SO4 + KMnO4 + H3PO4 GO (2.16)
The phosphoric acid has a critical role in the production of graphene oxide, as it
is believed to form a five-membered cyclic phosphate group between it and two
vicinal diols from the graphite basal plane, formed from oxidation with potassium
permanganate. Using XPS, it was determined that Tour’s method results in a greater
sp3 and lower sp2 C1s signal than Hummers’ method, which is indicative of a better
oxidation.
The exact chemical structure of graphene oxide varies based on the type of
graphite it originated from and the method used to produce it, but several attempts
have been made to elucidate its chemical nature.117,118 The earliest attempts from
Hofmann determined that epoxide functionality was present and that the compound
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should have an approximate stoichiometry of C2O.
119 Reuss proposed that the basal
plane of graphitic oxides was a mixture of sp2 and sp3 hydbridization, and hydroxyl
functionality (bonded to cyclohexyl rings) existed through careful analysis of acid-
ity, layer spacing, and solvent swelling characteristics.120 Scholz later confirmed the
presence of hydroxyl, carboxyl, and carbonyl functional groups (in quinone rings)
and rejected the presence of ethers based on FTIR measurements.121 These proposed
structures are shown in Figure 2.13.
Figure 2.13: Proposed graphene oxide structures. Adapted from ref. [117].
Recent studies utilizing solid state nuclear magnetic resonance and reactivity to
various reagents have produced greater structural detail of GO. Lerf and coworkers
have been able to determine that GO contains hydroxyl, alkene, and at least two
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inequivalent alcohols.122,123 They also found that GO could be deoxygenated by HI
and KI, reducing the presence of the ether signal, indicating that the ether signal
was due solely to the presence of epoxide ethers rather than ethers formed in the
basal plane. Reactivity towards hexamethylene diisocyanate causes cross-linking
between platelets, confirming the presence of alcohols. Maleic anhydride, which acts
as a dienophile for [4 + 2] cycloaddition, is largely unreactive, a result of highly
conjugated or aromatic C-C double bonds.124 This led to the modern structure of
GO shown in Figure 2.14.125
Figure 2.14: Modern approximate structure of GO, containing large amounts of
hydroxyl and epoxy functional groups. Not shown are the carboxyl groups that are
believed to form on the edges of the basal planes. Adapted from ref. [125].
The primary interest in graphene oxide stems from the fact that its oxygen-
containing functional groups allow it to form stable suspensions in water, and that
it can be reduced to a form similar to its graphite precursor, often called reduced
graphene oxide (rGO).117,126 Consequently, it has broad usage in fields such as field
effect transistors,127,128 transparent conductive thin films,129,130 and fillers in poly-
mer nanocomposites.131,132 The reduction of graphene oxide is easily performed with
heat,11 UV light,133,134 and various reagents including hydrazine,135 ascorbic acid,136
and hydriodic acid.137 This reduction is obervable through FTIR (loss of epoxide
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signal), Raman (d or disorder band decreases relative to the g or graphitic band),
electrical conductivity (higher conductivity is observed with greater reduction), ap-
pearance (color changes from dark brown to reflective gray, similar to graphite), and
XPS (the C1s intensity increases at 284.5 eV and decreases at 286.5, as shown in
Figure 2.15).11,117,137,138
Figure 2.15: Evolution of C1s XPS spectrum of GO upon thermal reduction into
rGO. The peak at 286.5 eV (which signals sp3 C) decreases relative to 284.5 eV
(which is present in pristine graphite due to its sp2 character). Adapted from ref.
[11].
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III. HYDROPHOBICALLY-MODIFIED POLYELECTROLYTE FOR
IMPROVED OXYGEN BARRIER IN NANOBRICK WALL MULTILAYER
THIN FILMS ∗
3.1 Introduction
Polymer/clay thin film composites are of practical interest for their potential in
reducing gas transmission. There has been a great deal of study in the area of thin
film oxygen barriers,92,140 though only recently have flexible, transparent, high gas
barrier clay-filled composite films been reported.74,141 SiOx thin films are a much more
mature technology, but propensity toward cracking when bent reduces their efficacy.6
Polymer/clay bulk composites exhibit much higher oxygen permeability, and their
poor transparency makes them less suitable for many packaging applications.92 Layer-
by-layer deposition of polyelectrolyte and clay nanoplatelets can produce thin films
(< 100 nm thick) with oxygen permeability up to two orders of magnitude less than
SiOx, with excellent transparency.
76
In this study, pyrene was used to modify cationic polyethyleneimine (PEI) to
impart greater hydrophobicity to quadlayer assemblies of PEI/poly(acrylic acid)
(PAA)/PEI/clay. Side group functionalization of polyelectrolytes for layer-by-layer
deposition has been previously reported for various purposes.142,143 Pyrene was cho-
sen because it is known to induce hydrophobic interactions as a side group for
water-soluble polymers without causing water insolubility.142,144–146 Labeling PEI
with pyrene creates a more coiled polymer conformation, increasing the thickness and
the associated clay spacing, which has been shown to decrease oxygen transmission
∗Reprinted with permission from “Hydrophobically Modified Polyelectrolyte for Improved Oxy-
gen Barrier in Nanobrick Wall Multilayer Thin Films” by Stevens, B. E. et al. J. Polym. Sci., Part
B: Polym. Phys. 2014, 52, 1153–1156. ©2014 by Wiley-Blackwell.
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rate (OTR) in these nanobrick wall assemblies.32,74 Pyrene-labeled PEI (PEI-Py)-
based multilayer nanocomposite films are 60 nm thick at three quadlayers, compared
to 50 nm for the same system prepared with unmodified PEI-based films. For only
twelve deposited layers, OTR of PEI-Py-based films is more than 10x better than
the PEI-based film. Covalent modification of polyelectrolytes for layer-by-layer as-
sembly provides a new route for reducing the number of deposition steps required
to achieve high gas barrier, making this technology much more feasible for use in
various packaging applications (food, electronics, etc.).
3.2 Experimental
3.2.1 Materials
Polyethyleneimine (PEI) (Mw = 25000 g/mol, PDI = 2.5), poly(acrylic acid)
(PAA) (Mw = 100000 g/mol), 1-pyrenecarboxaldehyde (Py-CA), sodium borohy-
dride (NaBH4), dichloromethane, and methanol were obtained from Sigma-Aldrich
(St. Louis, MO). Sodium montmorillonite (MMT) was obtained from Southern Clay
Products (Gonzalez, TX). Individual MMT platelets have a reported density of 2.86
g/cm3, diameter of 10–1000 nm, and thickness of 1 nm.147 All chemicals were used
as received. Poly(ethylene terephthalate) (PET) film with a thickness of 179 µm was
purchased from Tekra (New Berlin, WI) and used as the substrate for OTR testing.
Single side polished (100) silicon wafers (University Wafer, South Boston, MA) were
used as substrates for film thickness characterization. Polished Ti/Au quartz crys-
tals were used for quartz crystal microbalance (QCM, Maxtek, Inc., Cypress, CA)
measurements.
Pyrene-labeled PEI was prepared using a modification of a previously reported
reductive amination method,146 summarized in Figure 3.1. Ten grams of PEI was
mixed with 15 mL of 18M deionized water and 80 mL of methanol. The pH of this
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Py CHO NH2 PEI+ Py CH NH+ PEI Py CH2 NH PEI
CH3OH/H2O
pH 6
NaBH4
 = PEI = N
NH2
N
H n
H
O
Py CHO
Figure 3.1: Synthetic procedure for pyrene-labeled polyethyleneimine.
solution was adjusted to 6 using 1M HCl. 500 mg of Py-CA was added and stirred to
form a hazy, light yellow mixture. Excess NaBH4 (410 mg was added to the solution
and allowed to react for 20 h to yield a translucent, pale yellow solution. The
solution was dried by rotary evaporation, producing a viscous yellow liquid, which
was dissolved in 50 mL H2O and washed three times with dichloromethane. The
aqueous phase was collected and dried to remove any remaining dichloromethane,
yielding approximately 10 g of viscous yellow liquid.
3.2.2 Polymer Characterization
Fourier transform infrared spectra were obtained by a Bruker Optics Inc. ALPHA
FT-IR spectrometer with a universal sampling module operating in transmittance
mode. Samples were dried on ZnSe at 110 ◦C for 1 h prior to measurement. PEI and
PEI-Py samples were cast from aqueous solutions, whereas Py-CA was cast from a
solution of dichloromethane.
3.2.3 Film Deposition
Each deposition solution was prepared using deionized water and rolled for 24
hours before use. The pH of 0.1 wt% PEI solutions was altered to 10 using 1M
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HCl, while 0.1 wt% PEI-Py was altered to pH 10 using 1M NaOH. The pH of
0.2 wt% PAA solutions was altered to 4 using 1M NaOH. Aqueous suspensions of
anionic MMT (1.0 wt. %) were unaltered, having a pH of 9.9. PET substrates
were prepared for deposition by rinsing with deionized water, methanol, and water
again before being dried with filtered air. The film was then corona treated to
induce a strong negative surface charge,148 using a BD20C Corona Treater (Electro
Technic Products, Inc., Chicago, IL). Silicon wafers and QCM crystals were treated
with oxygen plasma in preparation for deposition.149 Each appropriately treated
substrate was dipped in a PEI or PEI-Py solution for 5 min., rinsed with deionized
water, and dried. This procedure was followed by an identical dipping, rinsing and
drying procedure in the PAA solution. After this initial bilayer was deposited, the
same procedure was followed with one minute dip times for subsequent layers in
a pattern of PEI/PAA/PEI/MMT or PEI-Py/PAA/PEI-Py/MMT. This procedure
was repeated until the desired number of quadlayers was achieved. All thin films
were prepared using homebuilt robotic dipping systems.149 Films created for OTR
testing were heated in an oven for 15 min at 70 ◦C immediately following deposition.
3.2.4 Film Characterization
Thickness of polymer/clay assemblies, coated on silicon wafer, was measured
with a KLA-Tencor (Milpitas, CA) P6 profilometer. Deposited mass was measured
by QCM (Maxtek). Oxygen transmission rate (OTR) testing was performed by
MOCON (Minneapolis, MN), at 0% RH and 23 ◦C using an Oxtran 2/21 instrument,
in accordance with ASTM D3985.
3.3 Results and Discussion
FT-IR spectra for 1-pyrenecarboxaldehyde (Py-CA), polyethyleneimine (PEI),
and pyrene-labeled PEI (PEI-Py) are shown in Figure 3.2. The PEI-Py spectrum
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shows the presence of weak aromatic overtone peaks in the 1700-2000 cm−1 range
and two C-H stretching frequencies at 2870 cm−1 and 2970 cm−1 (also present in
the 1-pyrenecarboxaldehyde (Py-CA) spectrum). The broad N-H absorption from
the PEI is also observed in the spectrum for PEI-Py. Notably absent in the PEI-Py
spectrum are the C=O (1700 cm−1) and aldehyde C-H (3050 cm−1) bands that are
present in the Py-CA spectrum, confirming reduction of the aldehyde.
Figure 3.2: FT-IR spectra of neat PEI, Py-CA, and PEI-Py.
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During layer-by-layer deposition, the initial primer layer adheres to the substrate
by electrostatic attraction to the negatively charged surface created by either corona
treatment (for poly(ethylene terephthalate) (PET)) or plasma treatment (for silicon).
Each subsequent layer is created by dipping the substrate in a solution containing
material of the opposite charge of the layer deposited just prior. By alternately
dipping the substrate into oppositely charged solutions, the surface charge on the
substrate switches between positive and negative, and the film thickness increases
through these attractions. Figure 3.3 shows the exponential growth of these quad-
layer recipes, as measured by profilometry, which is expected when using multiple
weak polyelectrolytes.76,150 The seemingly exponential growth of these films is at-
tributable to the interdiffusion of PEI (or PEI-Py) and PAA.151,152
The presence of pyrene groups on the polymer has previously been shown to
result in hydrophobic interactions for water-soluble poly(ethylene glycol),144 which
results in a shift in conformation from extended to coiled. This coiled conforma-
tion results in both thicker and denser deposition of PEI-Py onto the previous layer
compared to unmodified PEI. Weight of films (from quartz crystal microbalance
(QCM)) was divided by thickness and quartz crystal area to determine film densities
shown in Table 3.1, which confirms greater density of PEI-Py assemblies. Increas-
ing pH could produce thicker PEI growth, but significant differences between pH
of cationic and anionic solutions can cause destabilization and detachment of these
assemblies.30,153,154 Altering the polymer conformation and introducing hydropho-
bic groups, rather than simply adjusting pH, circumvents problems associated with
destabilization, and higher density PEI layers are formed that improve gas barrier.
Cussler and coworkers predicted that films composed of layers of impermeable
flakes would have greatly decreased gas diffusion,102 which was experimentally con-
firmed in previous studies of platelet-based assemblies.32,76,141,155,156 Table 3.1 shows
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Figure 3.3: Thickness of PEI and PEI-Py films as a function of quadlayers de-
posited. The inset shows the LbL deposition sequence.
OTR values for PEI and PEI-Py based films on PET. The OTR decreases with in-
creasing film thickness, but film density plays an important role as well. Although
3 quadlayers (QL) PEI-Py films are only 10 nm thicker than 3 QL PEI films, higher
density of PEI-Py led to an order of magnitude reduction in OTR and permeability
of the coating.
The synthesis of pyrene-labeled polyethylenimine, and its use in multilayer nanocom-
posite thin films, was evaluated as a means of increasing density and spacing between
clay layers (without altering pH). Layer-by-layer deposition of PEI (or PEI-Py), PEI,
and clay platelets resulted in similar thickness, but significantly higher density for
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Table 3.1: Film thickness and oxygen transmission rate for quadlayers deposited
on PET.
System
Film
Thickness
Film
Density
OTR
Coating
Permeability
Total
Permeability
(nm)
(
g
cm3
) (
cm3
m2 · day · atm
) (
10−21 cm
2
Pa · s
) (
10−18 cm
2
Pa · s
)
Bare PET 0 N/A 8.6 N/A 1750
3 PEI QL 50 1.24 0.75 94 150
4 PEI QL 92 1.24 0.045 9.4 9.1
3 PEI-Py QL 60 1.45 0.059 8.1 12
4 PEI-Py QL 112 1.70 0.028 7.2 5.7
films made with PEI-Py, rather than PEI, due to hydrophobic interactions that cause
the polymer to adopt a more coiled conformation. Three PEI-Py-based quadlayers
deposited on PET exhibited an oxygen transmission rate similar to four PEI-based
QL as the result of greater layer density. It is believed that this approach could be
applied more universally to grow denser layer-by-layer films able to achieve higher
barrier with fewer layers.
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IV. LOW TEMPERATURE THERMAL REDUCTION OF GRAPHENE
OXIDE NANOBRICK WALLS: UNIQUE COMBINATION OF HIGH GAS
BARRIER AND LOW RESISTIVITY IN FULLY ORGANIC
POLYELECTROLYTE MULTILAYER THIN FILMS ∗
4.1 Introduction
Strong interest in traditional (and flexible) organic electronics is driving the need
for electrically conductive layers with high oxygen barrier properties that can be
applied using low cost methods.1,157 Commercially available options for surface coat-
ings that meet these requirements rely on expensive vapor phase application under
vacuum,4 such as SiOx, AlxOy, and metallized films, which are subject to cracking
and pinhole defects.6,8 While graphene, a single layer flake of sp2 carbon atoms, can
be difficult to work with due to high van der Waals interactions,158 graphene ox-
ide (GO) is amenable to aqueous processing due to its abundance of hydrophilic
functional groups.117 While both graphene and GO have been found suitable for
their impermeability to a variety of gases,34,159 the latter is an electrical insulator.
Electrical conductivity can be enhanced by chemical or thermal reduction to form
reduced graphene oxide (rGO), which often displays properties necessary for flexi-
ble electronics.160,161 The multipurpose nature of graphene oxide, combined with the
straightforward layer-by-layer (LbL) process, creates an opportunity for inexpensive
application for electronics packaging and other types of encapsulation.
Graphene oxide has been shown to display gas barrier34 and electrical conduc-
tivity,35,162 when applied using layer-by-layer processing, but the barrier properties
∗Reprinted with permission from “Low-Temperature Thermal Reduction of Graphene Oxide
Nanobrick Walls: Unique Combination of High Gas Barrier and Low Resistivity in Fully Organic
Polyelectrolyte Multilayer Thin Films” by Stevens, B. et al. ACS Appl. Mater. Interfaces 2014,
6, 9942–9945. ©2014 by American Chemical Society.
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were not retained under humid conditions and electrical conductivity required ex-
posure to toxic chemicals (e.g., hydrazine). When heated to 175 ◦C in air for 90
minutes, graphene oxide undergoes reduction and, in a multilayer assembly with
polyethyleneimine, displays both low sheet resistance (< 5 kΩ/) and oxygen per-
meability (e.g., the oxygen transmission rate is 3-4 orders of magnitude lower than
uncoated poly(ethylene terephthalate)) under dry as well as humid conditions. The
extent of GO reduction, and hence electrical resistance and gas permeability, may
be tuned by varying the temperature and exposure time.
4.2 Experimental
4.2.1 General Materials and Methods
All reagents were used as received from Sigma-Aldrich (St. Louis, MO) unless
otherwise noted. Solutions of polyethyleneimine (PEI) (Mn = 10000 g/mol and Mw
= 25000 g/mol) were prepared by dissolving PEI in 18.2 MΩ deionized water (DI
H2O) and rolling the solution in a bottle overnight before adjusting pH using 1 M
HCl. Suspensions of graphene oxide (GO) (see next section for more information)
were prepared by crushing GO powder with DI H2O in a mortar and pestle to form
a paste, which was then added to the correct amount of DI H2O required to reach
the desired concentration and sonicated using a Misonix XL 2000 ultrasonic cell dis-
ruptor (Misonix Inc., Farmingdale, NY) at 15 W for 10 min. GO suspensions were
used for layer-by-layer assembly directly after sonication. Single-side polished (100)
silicon wafers (University Wafer, South Boston, MA) were piranha treated with a 3:1
mixture of concentrated sulfuric acid to 30% hydrogen peroxide. Caution: piranha
solution reacts violently with organic material and proper safety and handling pre-
cautions should be taken. Prior to use, silicon wafers were rinsed with acetone and
DI H2O. Poly(ethylene terephthalate) (PET) film with a thickness of 175 µm (trade
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name ST505 from Dupont-Teijin) was used as a substrate for four point probe mea-
surement, oxygen transmission rate measurement, and electron microscopy. PET was
rinsed with DI water and methanol prior to use. PET substrates were then corona
treated with a BD-20C corona treater (Electro-Technic Products Inc., Chicago, IL).
Figure 4.1: FT-IR spectra of as-prepared GO.
4.2.2 Preparation of Graphite Oxide (GO)
A 250 mL round-bottom flask was charged with a stir bar, natural flake graphite
(6.04 g, Bay Carbon SP-1), concentrated H2SO4 (150 mL), and then cooled in an ice
bath. The flask was slowly charged with KMnO4 (18.13 g, 114.74 mmol) over 2 hours
which produced a dark colored mixture. After stirring at 0 ◦C for an additional 1
hour, the mixture was then stirred at room temperature for 2 hours and finally at
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35 ◦C for 3 hours. After cooling to room temperature, the mixture was added to
deionized water (3 L) which resulted in an exotherm. To the resulting suspension was
added a 30% aqueous solution of H2O2 (15 mL), and the vibrant yellow suspension
was allowed to sit overnight. The GO was isolated by centrifugation and subsequent
decantation of the supernatant after being washed with 6 N HCl (3 L) and deionized
water (6 L) respectively. The precipitate was collected and dried under high vacuum
to afford the product (11.15 g) as a dark brown powder which was characterized by
elemental combustion, FT-IR spectroscopy, and BET analysis.
4.2.3 GO Characterization
IR spectra were recorded on a Thermo Scientific Nicolet iS5 system equipped with
an iD3 attenuated total reflectance (ATR) attachment (germanium crystal). BET
surface area analyses were determined using nitrogen adsorption on a Quantachrome
NOVA 2000 surface analyzer. Elemental combustion analyses were determined by
Midwest Microlabs, LLC (Indianaopolis, IN).
Table 4.1: Elemental abundance in GO and thermally-reduced GO.
Element Starting GO Material Thermally-Reduced GO
Carbon 51.02 80.1
Hydrogen 1.65 1.06
Nitrogen none found none found
Oxygen 44.50 17.52
Sulfur 1.85 1.11
Chlorine 0.92 not determined
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4.2.4 BET Measurements
The samples were degassed at room temperature to avoid thermal decomposi-
tion of GO, and measurements were determined using a 7-point BET method using
molecular nitrogen as the adsorbate.163 Measurements were performed in triplicates
and the values were averaged.
Table 4.2: BET Surface Area Analysis of GO and thermally-reduced GO
Carbon Material Surface Area m2/g
GO 2.5
Thermally-Reduced GO 855.4
4.2.5 Layer-by-Layer Assembly Procedure
The layer-by-layer process is illustrated in Figure ?? (a). In a typical procedure,
a given substrate was immersed in PEI solution for 5 min, followed by a rinse with
DI water and drying with filtered air to form the first positively-charged layer. The
substrate was then immersed in GO solution for another 5 min, followed by another
rinse and dry sequence. Single-minute dips in PEI and GO solutions, followed by
rinse and dry sequences, were then repeated for the desired number of cycles. This
process was carried out using a home-built robotic dipping system controlled by
LabView (National Instruments, Austin, TX).141,149
4.2.6 Thin Film Characterization
Thickness of PEI/GO LbL assemblies, coated on silicon wafer, was measured with
a KLA-Tencor P6 profilometer. Sheet resistance was measured using a four point
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probe apparatus (Signatone Corporation, Gilroy, CA) controlled with home built
LabView program. Oxygen barrier testing was performed by Mocon, Inc. on an Ox
Tran 2/21 L module at 23 ◦C in both 0% and 100% relative humidity conditions on
both sides of the coated substrate. Scanning electron micrographs were taken using
a JEOL JSM-7500F in Gentle Beam mode to reduce charging of the films. Samples
for transmission electron microscopy (TEM) were prepared by embedding coated
PET films in epoxy and sectioning them with a microtome. TEM micrographs were
obtained by imaging these sections with an FEI Tecnai G2 F20 FE-TEM.
4.3 Results and Discussion
Synthesis of graphene oxide proceeded as previously reported.114 The FT-IR spec-
trum of the freshly-prepared GO is shown in Figure 4.1. The FT-IR spectrum
indicates the presence of the expected carboxylic acid, alcohol, and epoxide func-
tionalities. Elemental analysis of GO and thermally-reduced GO showed a marked
decrease in oxygen relative to carbon upon heating (Table 4.1). Though similar in
chemical nature, BET measurements of the starting graphite and thermally-reduced
graphene oxide reveal that the oxidation and subsequent reduction leaves the ther-
mally reduced graphene oxide well-exfoliated compared to graphite powder (Table
4.2).
Thin film growth was achieved with an aqueous PEI solution (0.1 wt% at pH
10) and aqueous graphene oxide (GO) suspension (0.1 wt% at pH 3.3) through
an alternating deposition sequence on PET film. As illustrated in Figure ?? (a),
this layer-by-layer process resulted in anion-cation bilayers on the substrate through
the formation of electrostatic interactions. Profilometry was used to monitor the
thickness of these films, both as-prepared and after thermally reducing the films at
175 ◦C for 90 minutes, as shown in Figure ?? (b).
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Figure 4.2: Schematic of layer-by-layer deposition of polyethyleneimine and graph-
ene oxide bilayers onto a substrate (a) and profilometer thickness of PEI/GO assem-
blies grown on silicon before and after reduction at 175 ◦C for 90 minutes (b).
At 20 bilayers, the film thickness was approximately 173 nm, as measured on
silicon, although thermal reduction reduces this value to 120 nm (i.e., 70% of original
thickness). Additionally, the coverage of GO was uniform across the assembly, and
the observed wrinkling of GO platelets diminished upon reduction (Figure 4.3 (a,b)).
The TEM images indicated that GO platelets were aligned parallel to the direction
of the substrate and packed closely together (Figure 4.3 (c)). Although the density
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of graphene oxide appearred to be high, the film was optically transparent until it
was thermally reduced (Figure 4.3 (d)), at which point the film obtains a metallic
luster similar to that of graphite.
Figure 4.3: SEM micrographs of 20 bilayer PEI/GO assemblies before (a) and after
(b) 90 minute thermal reduction at 175 ◦C. TEM micrograph of the same thin film
before reduction (c), showing GO oriented parallel to the film. Thermal reduction
of a 10-bilayer assembly results in the originally transparent film (d, top) becoming
opaque, with a graphitic luster (d, bottom).
Thermal reduction of GO was monitored by electrical conductivity and X-ray
photoelectron spectroscopy (XPS) measurements. In the most reduced state, the
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PEI/GO films exhibited a decrease in electrical sheet resistance by more than four
orders of magnitude. Four-point probe resistivity measurements indicated that elec-
trical sheet resistance decreased from > 107 Ω/ to 4760 Ω/ following a 90-minute
reduction at 175 ◦C (in an ambient atmosphere), corresponding to a conductivity of
1750 S/m. Increased electrical conductivity was the result of partial restoration of
sp2 carbon bonds in the reduced GO. XPS revealed a decrease in C1s peak intensity
at 286.5 eV, relative to 284.5 eV (Figure 4.4), indicative of fewer C-O bonds and
higher sp2 carbon content characteristic of graphite.11
Figure 4.4: C1s XPS spectrum of graphene oxide before and after a 90-minute
reduction at 175 ◦C. Increase in peak intensity at 284.5 eV, relative to 286.5 eV,
after reduction reflects partial restoration of graphitic character of GO.
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It is important to note that the reduction conditions used for these PEI/GO
assemblies on 175 µm thick, commercial-grade PET were mild, and no loss of film
or substrate integrity was observed by SEM. Because these assemblies displayed a
continuum of electrical resistivities between their pre-reduced and maximally reduced
states (Figure 4.5), it is apparent that the degree of reduction may be tailored, along
with the associated properties.
Figure 4.5: Sheet resistance as a function of exposure time, for 20 bilayer PEI/GO
assemblies, to various thermal reduction temperatures (see legend). The standard
deviation for the five measurements taken for each data point is smaller than the size
of the markers for the points.
The oxygen barrier properties of these assemblies were measured with oxygen
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transmission rate (OTR) testing of coated PET samples, in both 0% (dry) and 100%
(humid) relative humidity conditions. The results of this testing are summarized in
Table 4.3. Prior to thermal reduction, the GO/PEI multilayer thin films displayed
excellent barrier properties to oxygen under dry conditions; indeed, with as few as
10 bilayers, dry OTR decreased from 8.6 to 0.0078 cm3/m2/d/atm. Depositing 20
PEI/GO bilayers caused the OTR to drop below the detection limit of the commercial
instrumentation (< 0.005 cm3/m2/d/atm). When a 90-minute thermal reduction at
175 ◦C was applied to these 10 and 20 bilayer assemblies, both exhibited OTR values
below detection. Reduction of the GO decreased 10 bilayer film permeability, from
14.9 to < 7.03× 10−22 cm2/Pa/s,157 a value comparable to the lowest reported dry
oxygen film permeability measured for an LbL film.76
Under humid conditions, pre-reduced and reduced assemblies show a wide dispar-
ity. With 20 bilayers deposited, the OTR of GO/PEI exhibited little improvement
over bare PET, decreasing by less than a factor two. When thermally reduced,
the humid OTR of the resulting rGO/PEI assemblies decreased to 0.98 and 0.022
cm3/m2/d/atm for 10 and 20 bilayer films, respectively. Though dry OTR barrier
was not fully retained, these assemblies reduced oxygen transmission substantially
better than bare PET. GO-based assemblies have displayed a propensity for dry
oxygen barrier applications,34 but humid oxygen barrier has been difficult to achieve
due to the hydrophilic nature of the assemblies that leads to swelling and increased
permeability.164,165 Compaction of PEI/GO assemblies upon reduction effectively in-
creased the nanoplatelet concentration, and hydrophilic GO was transformed into
hydrophobic rGO, inhibiting film swelling.
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Nanocoatings with high conductivity and low oxygen permeability are very de-
sirable for electronics packaging applications.1,157 Ambient processing from aqueous
solutions provides a simple and cost-effective route to graphene oxide-based thin
films with these properties. Relatively low temperature (< 200 ◦C) treatment in air
affords the ability to improve electrical sheet resistance and film permeability. The
increased hydrophobicity of the reduced thin film results in decreased permeability
that is retained at high humidity. Collectively, the exceptional functionality and
flexible nature of these coatings, along with the ease with which they are applied,
makes them ideal for use in a variety of electronics packaging and encapsulation
applications.
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V. SOFT PATTERNING OF CONDUCTIVE GRAPHENE OXIDE-BASED
MULTILAYER THIN FILMS
5.1 Introduction
Growing interest in flexible organic electronics is driving the need for electrically
conductive layers that can be applied using low cost methods.1 Patterned conduc-
tive surfaces are ubiquitous in electronic devices, being commonly utilized in printed
circuit boards (PCBs) and integrated circuits (ICs). Traditional PCBs and ICs
are designed around rigid substrates: epoxy for PCBs and silicon/silicon dioxide
for ICs. Rigid substrates are unsuitable for flexible electronics, and the fabrication
of these patterned surfaces is complicated, expensive, and potentially dangerous.12
PCB patterning uses either electroplating or electroless plating, both of which pro-
duce a considerable amount of toxic side products and environmental pollutants.13,14
IC fabrication, through commonly-used photolithography, results in a large number
of contaminants from chemicals used to treat wafers.15,16 Patterning of conductive
pathways on flexible substrates is not currently done using these technologies, though
both would benefit substantially from simplified environmentally-friendly techniques.
In this study, layer-by-layer (LbL) processing is used to deposit an electrically
conductive thin film from aqueous solutions. The thickness and morphology of the
deposited layers may be tuned by varying processing conditions (e.g. pH29 and con-
centration30) of the requisite solutions, which ultimately influences the macroscopic
properties.31–33 Exposure of these films to sufficiently high or low pH environments
causes degradation of many of these assemblies,153,154 which can serve as a means
to pattern them.166 Charged nanoparticles are often incorporated into these films,
such as clay and graphene oxide (GO).29,32,33,35,99,139 When GO is used in LbL as-
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sembly, electrical conductivity is attainable through a chemical or thermal reduction
step.35,99 LbL processing with GO and polyethyleneimine (PEI) has been shown to
create coatings that are both impermeable to gas and electrically conductive.139
Patterning of circuits for electronics can be a much safer and less expensive pro-
cess if durable electrically conductive pathways can be applied from aqueous solutions
of benign materials and processed under ambient or near-ambient conditions using
a wet etching technique based on wet stamping (WETS).167,168 In this case, pat-
terned agarose hydrogel stamps are soaked in a solution of interest and stamped
onto the substrate, causing a reaction between the solution and substrate that can
result in patterned features. This technique has been successfully demonstrated
with LbL assemblies, achieving ∼10 µm resolution.166 The WETS technique is used
here to selectively etch graphene oxide-based LbL assemblies, which can then be
reduced to form electrically conductive features. The exposure process, in which
the PEI/GO film is exposed to mildly basic solutions (∼0.05 M NaOH) results in
a patterned surface. Successful etching of the film results in complete detachment
from the substrate, ensuring short circuiting in these conductive patterns will not
occur. When compared with traditional lithographic methods, such as photolithog-
raphy, this WETS approach significantly reduces the expense and danger involved
in creating these patterns.
5.2 Experimental
5.2.1 Materials and Methods
All reagents were used as received from Sigma-Aldrich (St. Louis, MO) unless
otherwise noted. Solutions of polyethyleneimine (PEI) (Mn = 10000 g/mol and Mw =
25000 g/mol) were prepared by dissolving PEI in 18.2 MΩ deionized water (DI H2O)
and rolling the solution in a bottle overnight before adjusting the pH to 10 using
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1 M HCl. Suspensions of graphene oxide (GO, Cheap Tubes Inc., Cambridgeport,
VT) were prepared by crushing GO powder in a mortar and pestle with water until
a paste was obtained. This paste was then added to deionized water to form a 0.1
wt% suspension and sonicated using a Misonix XL 2000 ultrasonic cell disruptor
(Misonix, Inc., Farmingdale, NY) at 15W for 10 min. The GO suspensions, which
start with a pH of ∼3.2, were either used unaltered or were pH adjusted before
use with 0.1 M HCl or 0.1 M NaOH to reach pH values of 2.75, 3, 3.25, 3.5, 3.75,
4, 6, 8, and 10. Agarose was obtained from Sigma-Aldrich and used as received.
Single-side polished (100) silicon wafers (University Wafer, South Boston, MA) and
glass microscope slides (Corning Inc., Corning, NY) were exposed to oxygen plasma
for 10 min prior to use. Zeta potential of GO was measured using a Brookhaven
Instruments ZetaPALS zeta potential analyzer (Long Island, NY). Fourier transform
infrared spectra were obtained by a Bruker Optics Inc. ALPHA FT-IR spectrometer
(Billerica, MA) with a diamond ATR unit.
5.2.2 Layer-by-Layer Assembly Processing
The layer-by-layer procedure is shown graphically in Figure 5.1(a). The silicon
or glass substrate was immersed in PEI solution for 5 min., rinsed with DI water,
and dried with filtered air. This substrate was then immersed in GO suspension
for 5 min, followed by the same rinse and dry. The cycle of PEI dip, rinse and
dry followed by GO dip, rinse and dry was continued with 1 minute immersions
to produce the desired number of bilayers (BL). This process is carried out using
a home-built robotic dipping system controlled by LabView (National Instruments,
Austin, TX).141 The resulting film has the approximate structure shown in Figure
5.1(b).
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Figure 5.1: Schematic of the layer-by-layer (LbL) process, involving alternating
immersions of a given substrate in aqueous solutions of PEI and GO, with a rinse
and dry step in between (a). LbL assembly results in a multilayer coating of the two
solution ingredients on a substrate surface (b). The coated substrate is then exposed
to the wet stamping (WETS) process (c), in which an agarose stamp soaked in basic
solution is put in contact with a PEI/GO thin film that causes the LbL film to be
etched in the areas it contacts.
5.2.3 WETS Patterning and Reduction of LbL Assemblies
PEI/GO LbL assemblies were patterned by exposing substrates to patterned
agarose stamps soaked in NaOH solutions of varying basicity. To create patterned
stamps for WETS, agarose was first dissolved in hot water as a 5 wt% solution. The
viscous agarose solution was poured into a custom machined aluminum mold and
the agarose is allowed to cool and set into a firm hydrated gel. The stamps were
then immersed in solutions of 0.01, 0.03, 0.05, or 0.1 M NaOH for a minimum of 24
hours. Immediately prior to use, stamps were removed and their surface was dried
with filtered air. In a typical WETS operation, the stamp was placed in contact with
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the LbL assembly coated on glass for 1, 5, 10, 20, 40, or 60 min. After the stamp was
removed, LbL assemblies were immediately washed with DI water and dried with
filtered air. A schematic of this process is shown in Figure 5.1(c).
5.2.4 Thin Film Characterization
Thickness of PEI/GO LbL assemblies on silicon was measured with a KLA-Tencor
P6 profilometer (Milpitas, CA). Sheet resistance was measured using a Signatone four
point probe (Gilroy, CA), Keithley Instruments 2000 multimeter (Solon, OH), and
Agilent E3644A DC power supply (Santa Clara, CA) controlled with a home-built
LabView program. Prior to electrical resistivity measurements, all PEI/GO assem-
blies were thermally reduced in air at 175 ◦C for 90 minutes. Scanning electron
microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS) mapping was
performed using a JEOL JSM-7500F microscope (Tokyo, Japan). Optical micro-
scope images were obtained using a Swift Optical Instruments, Inc. M27LED stereo
microscope (Schertz, TX).
5.3 Results and Discussion
5.3.1 pH-Dependent Growth of GO Multilayers
Solution pH is known to influence the amount of each polyelectrolyte component
deposited in layer-by-layer coatings.30,151,169 In the case of graphene oxide, pH alters
its dispersion stability,170 which alters its LbL deposition. Zeta potential of aqueous
GO dispersions was measured as a function of pH, as shown in Figure 5.2. Graphene
oxide is a nanoplatelet containing carboxylic acid functionality,117 so it has low sur-
face charge at pH < 3 due to the acid groups being mostly protonated. As the pH
is increased to ≥ 6, GO reaches full deprotonation, and its zeta potential remains
constant at ∼ -30 mV. This behavior is expected because the pKa value for the car-
boxylic acid group is estimated to be 4.3.171 It should be noted that GO dispersions
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in which pH was adjusted below 2.75 became unstable after a short time (< 1 min),
so they could not be used for LbL growth.
Figure 5.2: Zeta potential of aqueous graphene oxide dispersions as a function of
pH. GO becomes more negatively charged as pH is increased above its pKa (∼4.3)
due to deprotonation of carboxylic acid groups.
Growth of polyethyleneimine-graphene oxide layer-by-layer assemblies was carried
out with varying GO dispersion pH in an effort to determine the influence of particle
charge on its ability to grow. The pH of the PEI solution was held constant at 10.
The profilometer thickness of 20 BL PEI/GO assemblies is shown in Figure 5.3. The
thickness of these films is directly proportional to the magnitude of the GO zeta
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potential. Although higher particle charge is observed at high pH, which is favorable
for traditional electrostatic LbL growth,17 particle-particle repulsion in the GO and
low charge density of the previously deposited PEI layer lead to relatively poor GO
adsorption. At low pH, despite the tendency of GO to aggregate, hydrogen bonding
interactions between GO and PEI are favorable and greater growth results.169 This
explains the thick growth from pH 2.75 GO dispersions (14.4 nm/BL) and very thin
bilayers observed at pH 9 (1.5 nm/BL).
Figure 5.3: Film thickness of 20 BL PEI/GO assemblies as a function of graph-
ene oxide dispersion pH, which correlates linearly with the trend observed for zeta
potential.
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5.3.2 Influence of GO Deposition pH on Electrical Resistivity
Four point probe resistivity was measured on the PEI/GO bilayers after reduction
at 175 ◦C for 90 min. This thermal treatment has previously been shown to ade-
quately reduce the GO in these assemblies to produce electrical conductivity.99 The
sheet resistance for 20 BL PEI/GO, as a function of GO dispersion pH, is shown in
Figure 5.4. Sheet resistance is observed to be inversely proportional to the thickness
of these assemblies. The pH of the GO dispersion is the only processing parameter
altered between these films, suggesting it is responsible for the amount of GO de-
posited on the substrate. As pH is reduced from 4 to 2.75, sheet resistance decreases
nearly two orders of magnitude.
5.3.3 WETS Patterning of GO-Based LbL Assemblies
LbL films have a tendency to degrade or detach in the presence of high or low pH
or high ionic strength solutions,153,154 so WETS was employed by charging agarose
stamps with basic solution to intentionally and selectively destabilize portions of the
film. This technique has already been shown to successfully pattern poly(allylamine
hydrochloride)/poly(acrylic acid) multilayers with 10 µm half-pitch. A variety of
base concentrations and exposure times were investigated to determine the extent
of etching possible using this wet stamping technique. Figure 5.5 shows optical
micrographs of PEI/GO films after WETS etching for 1, 5, 10, 20, 40, and 60 minutes
using 0.01, 0.03, 0.05, and 0.1 M NaOH solutions. This etching was initially applied
to films deposited from GO dispersions without pH alteration (pH ∼ 3.25).
Based on the images in Figure 5.5, base concentration was determined to be
the key variable driving film etching. Additionally, the etch appears to be binary
(i.e. the film was either removed from the substrate or it was not). Some basicity
threshold between 0.01 and 0.03 M was necessary for the etching of PEI/GO to occur.
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Figure 5.4: Sheet resistance (Rs) of 20 BL PEI/GO assemblies as a function of
GO dispersion pH. The dispersion pH is inversely proportional to PEI/GO assembly
thickness and GO zeta potential.
Once this threshold concentration has been reached, the film is readily etched, even
with exposure time as short as one minute (slightly longer with 0.03 M NaOH).
It is important to note that longer exposure times do not necessarily lead to more
complete etching. As the 0.03 and 0.05 M stamps reached etching times of 40 and
60 min., the resolution of the rectangular features was lost. At these long time
intervals, it is known that there is drying of the stamps and etchant in contact with
the substrate. As the etchant solution dries, its efficacy is lost, and the exposed
areas are unaffected. This unintentional result may allow for correction of the etch
procedure, if necessary, as the dried etchant can be rinsed off with water, and the
PEI/GO film can be re-exposed. Etching with 0.1 M NaOH effectively removed
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Figure 5.5: Optical micrographs of PEI/GO assemblies made from GO dispersions
with unaltered pH (3.25). These films were removed from their glass substrate using
agarose stamps swollen with sufficiently basic solution (≥ 0.03 M NaOH), but over-
etching occurs when the basicity is too high and the stamp has been in contact too
long. Feature dimensions shown are approximately 2 x 10 mm.
material, but led to larger than desired areas of film being removed due to over-
etching, which becomes apparent beyond 5 min.
WETS etching of the most conductive assemblies, created with a pH 2.75 GO
dispersion, was also examined. Optical micrographs of etched films are shown in
Figure 5.6. These PEI/GO assemblies showed slightly greater etch resistance in
terms of both base concentration and exposure time. Although 0.05 M NaOH was
able to etch most of the pattern after 60 min of exposure, only 0.1 M NaOH was
capable of completely etching the pattern from the stamp. After 40 min of etching,
signs of over-etching appear, but to a lesser degree relative to assemblies formed from
GO dispersions with unaltered pH. The greater etch resistance of these assemblies is
most likely due to greater film thickness (288 nm from pH 2.75 dispersions and 184
nm from unaltered pH 3.25 dispersions).
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Figure 5.6: Optical micrographs of PEI/GO assemblies made from GO dispersions
altered to pH 2.75 and wet stamped with base-swollen agarose stamps. Greater film
thickness at this pH level requires higher basicity solutions to etch the film. Feature
dimensions shown are approximately 2 x 10 mm.
5.3.4 Quality of PEI/GO Etching
The difference between etched and unetched regions (i.e. quality of the etch) is of
great importance for electronics applications. For this reason, these differences were
carefully analyzed by ATR-FTIR, SEM, EDS, and four point probe resistivity. ATR-
FTIR is sensitive to the 20BL LbL assembly formed from an unaltered GO dispersion,
as shown in Figure 5.7. The LbL assembly displays carbonyl and broad carboxylic
acid absorption at 1610 and ∼3300 cm−1, respectively, which are not observed for
bare glass. When the film is etched from the glass substrate, the two absorptions
disappear and the spectrum is identical to pristine glass. SEM imaging and EDS
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Figure 5.7: ATR-FTIR spectra of glass, 20 BL PEI/GO deposited on glass, and 20
BL PEI/GO deposited on glass and then etched away. The 20 BL PEI/GO assembly
shows additional absorption peaks at ∼3300 and 1610 cm−1 (not present for glass),
but the etched film shows none of these additional features. This suggests complete
etching of the film, with little or no material left on the glass substrate.
mapping of the same assembly, shown in Figure 5.8, was employed to investigate the
etched/unetched areas of the film at a microscopic level. Conductivity differences
between the film (dark, Fig. 5.8(a)) and substate glass in the etched region (light) are
very apparent, and little or no film remains in the exposed area. At a finer scale (Fig.
5.8(c)), the lack of surface features caused by GO in the film in the exposed region
on the left contrasts strongly with the unexposed film on the right. Further evidence
of the etch quality is observed in C Kα EDS mapping (Fig. 5.8(b, d)), which displays
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regions of high (bright) and low (dark) carbon content in the film. Four point probe
resistivity measurements indicated resistance higher than the detection range of the
instrument for etched areas. The resistivity of unexposed regions was unchanged (∼
105 Ω/), as was the resistivity of areas exposed during WETS that were insufficient
to remove the film.
Figure 5.8: Low magnification (1 mm scale bar) SEM (a) and EDS C Kα (b) images
of an etched stripe with unetched film on either side. The EDS map shows low carbon
signal in the etched region relative to the unetched region. At high magnification (5
µm scale bar), the rough surface of the film is visible in SEM (c, right side), and the
EDS C Kα map (d) again shows low carbon signal from the etched region. Sheet
resistance of etched and unetched regions are shown in (c).
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5.4 Conclusions
The ability to pattern electrically conductive layer-by-layer films has been demon-
strated using a relatively safe and simple wet stamping methodology. Because of the
sharp drop in charge density of graphene oxide platelets near their pKa, LbL process-
ing allows significant tailoring of layer thickness and resistance, with growth ranging
from 1.5–14.4 nm/BL, and sheet resistance spanning three orders of magnitude,
105–107 Ω/, after thermal reduction. Using a relatively dilute concentration of ba-
sic etchant solution, these films are quickly removed to form a patterned conductive
layer using the WETS process. The wet stamping process used with basic solution
produces a good quality pattern, with little or no material left in etched regions, en-
suring no short circuiting of patterned conductive layers. Furthermore, dried etchant
solution can be removed with little influence on the film, which imparts the ability
to correct the etching process. With additional refinement, these LbL assemblies
could be used to produce patterned circuits on a variety of substrates with a high
degree of control and tailorability, offering the potential for environmentally-friendly
processing of organic electronics.
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VI. CONCLUSIONS AND FUTURE WORK
6.1 Barrier and Conductivity in Platelet-Based Thin Film Assemblies
The goal of this research was to investigate how platelet particles can contribute
to gas barrier and electrical properties of thin films. Through layer-by-layer pro-
cessing of water-soluble (or dispersible) ingredients, these thin films were able to be
constructed into self-assembled, aligned layers that are capable of blocking oxygen
gas in both dry and humid conditions. If the films contain graphene oxide, a simple
heat treatment produces electrical conductivity as well. This work illustrates the
versatility of layer-by-layer fabrication and the ease with which this technique can
create materials for multiple functions at once.
6.1.1 Influence of Film Density on Gas Barrier Films
In order to examine density of films prepared using layer-by-layer assembly, com-
parison needed to be made between films that were otherwise similar in microstruc-
ture and composition. Toward this goal, pyrene functionality was introduced as a
side group onto PEI, which was then grown in quadlayers with PAA and MMT. PEI
was modified by reacting the neat polymer with pyrene carboxaldehyde and sodium
borohydride, which bonds the pyrene to the PEI chains through reductive elimination
and does not introduce any other functional groups, as indicated by FTIR. As the
pyrene groups are known to have strong hydrophobic interactions with each other,
they force PEI to coil, which leads to increased deposition density (1.45 g/cm3 for
PEI-Py vs. 1.24 g/cm3 for PEI, as measured by QCM) despite having similar pro-
filometer thickness to films constructed with neat PEI. Oxygen permeation of both
films deposited on PET was compared, with the denser films realizing more than an
order of magnitude decrease in OTR and permeability for 3 quadlayers (0.75 to 0.059
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cm3/m2/day/atm). A graphical summary of these films is shown in Figure 6.1. This
study demonstrated the importance of film density to gas barrier thin films, which
is fundamental in understanding how to create better barriers.
Attach pyrene
to PEI
Less Dense
Higher OTR
PEI-
Py/P
AA
PEI/P
AA
Clay
More Dense
Lower OTR
Figure 6.1: Schematic of research in Chapter 3, where pyrene-labeled PEI was used
to produce denser polymer layers in LbL assemblies. This resulted in decreased OTR
compared with films of similar thickness and number of layers containing neat PEI.
6.1.2 Gas Barrier and Electrical Conductivity in Reduced Graphene Oxide-Based
Films
The influence of thermal reduction of GO on barrier and electrical conductivity
in thin films was investigated. GO, produced from chemical oxidation of graphite
powder, and PEI were layered using LbL assembly. Thermal reduction of GO as a
function of reducing time and temperature were monitored by XPS and electrical
sheet resistance measurements, which indicated GO begins reducing in air above 150
◦C. As the GO reduces, electrical resistivity drops at least 5 orders of magnitude,
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and XPS measurements indicate that the GO loses much of its sp3 carbon content
and gains graphitic sp2 carbons. Cross sections viewed under TEM and topography
viewed under SEM indicate a dense, oriented film of GO flakes in polymer, which
provides a highly tortuous pathway for gas permeation. In high humidity conditions,
unreduced films are believed to swell, resulting in relatively high OTR. Thermal
reduction of GO decreases both hydrophilicity and film thickness. The resulting
compacted structure is has less free volume for gas diffusion and is less susceptible
to swelling. Though both unreduced and reduced films have similar high resistance
to gas permeation in low humidity conditions, only the reduced films are capable of
retaining barrier in high humidity conditions (summarized in Figure 6.2). This study
presents the high barrier at all ambient conditions, and the best polymer composite
barrier film at this time.
Pre-reduction
100% RH OTR:
5.4 cc/m2/day
Sheet Resistance:
> 1 MΩ/□
Post-reduction
100% RH OTR:
0.021 cc/m2/day
Sheet Resistance:
< 5 kΩ/□
Figure 6.2: Summary of work presented in Chapter 4. GO, in LbL films with PEI,
was thermally reduced to produce electrically conductive films that retain O2 barrier
under both dry and humid conditions.
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6.1.3 Patterning of GO-based Assemblies Through Soft Lithography
The ability to pattern films of GO and PEI using soft lithography was exam-
ined. Once thermally reduced, these patterns could be used for flexible electronics
connections, e.g. To gather some information about how to best realize conductive
patterns, the pH of GO deposition solutions was optimized to deliver the highest
content of GO, ensuring the best conductivity of the assembly after reduction. Zeta
potential measurement revealed that more GO deposits when it has a nearly neu-
tral charge, indicating thick growth occurs via hydrogen bonding with PEI. Four
point probe electrical resistivity indicates a two order of magnitude improvement in
conductivity when the pH of the GO solution is dropped to pH 2.75 from pH 6 or
above. Patterns were etched into the deposited films by creating patterned stamps
in water-swellable agarose gel, swelling the stamps with mildly basic NaOH solution,
and using these stamps to selectively wet etch the film down to the substrate. After
thermal reduction, patterned surfaces decreased in electrical sheet resistance by at
least two orders of magnitude. The etch procedure produced complete etching of
the film—no traces of the film could be detected in etched regions using FT-IR and
SEM/EDS. Complete etching of the films in selected areas is essential for circuits,
for instance, as incomplete etching results in short circuiting. A graphical summary
of this work is shown in Figure 6.3. This technique can easily be accomplished in
ambient conditions without the need for UV light filters or photoresist.
6.2 Future Studies
From the previous three chapters, it has been shown that graphene oxide can
act in role as both an oxygen barrier and electrical conductor. Though seemingly
unrelated, the marriage of these two properties could have important industrial ap-
plications. As processing of these water soluble ingredients into an oriented film
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WETS
stamping
Figure 6.3: Schematic of research presented in Chapter 5. PEI/GO LbL films
were patterned using wet etching stamping (WETS) from agarose stamps contain-
ing mildly basic solution, resulting in complete removal of the film. Upon thermal
reduction, these patterns became electrical conductors.
is both easy and environmentally benign, furthering the commercial attractiveness
of its capabilities is important in establishing it as a viable industrial alternative
to competing technologies. Better flexible conductive films will be of increased in-
terest as the flexible electronics market grows, an area where LbL processing could
contribute greatly.
6.2.1 Damage Detection in Conductive Barrier Thin Films
Detection of damage to gas barrier layers is industrially relevant for reactors under
high pressure and to medical devices.172 It is currently difficult to detect if gases are
being blocked or retained, as small leaks resulting from damage are difficult to detect.
Because polymer/rGO films are electrical conductors, damage detection of these
barrier films is possible. Scratches, pinholes, and cracking, for instance, will lead to
increases in the electrical resistance of the film. Furthermore, locating the damage is
also feasible when an array of electrodes is placed around the film. When the film is
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damaged (resulting in loss of barrier properties), electrodes with an electrical path
over the damaged area will increase in resistance, as the current has a greater distance
to travel through moderately resistive material, (illustrated in Figure 6.4). With a
crosslinkable polyelectrolyte, minor damage could be avoided altogether. In order to
study this, LbL films of polyvinylamine (PVAm), which is more easily crosslinked,
and GO can be created and reduced. They would then tested for barrier properties
before and after scratching (both with and without glutaraldehyde crosslinking).
Placing an electrode array on the sample provides many electrical resistance test
points, from which it will be possible to determine damage location.
test contact
Ω
1 Ω
2
Ω
4Ω
3
Ω
1 Ω
2
Ω
4Ω
3
scratch
(a) (b)
Figure 6.4: Proposed layout of electrodes for locating damage to a conductive bar-
rier film. Without damage (a), the resistance between contacts is approximately
equivalent, Ω1 = Ω2 = Ω3 = Ω4. When the film is damaged (b), resistance between
the two contacts where the damage is located will be substantially higher than be-
tween other contacts, Ω1 > Ω2 = Ω3 = Ω4
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6.2.2 PEI-Py/graphene and GO films
Pyrene is known to have strong intermolecular interactions with graphene sheets,
which allows graphene to be stabilized in solution.173–175 Extending work from Chap-
ters 3 and 4, PEI-Py could be used to stabilize graphene in an aqueous suspension,
which could then be layered with graphene oxide. With its pyrene moiety, PEI-Py is
uniquely capable of attaching to the surface of graphene sheets via pi–pi interactions.
In water, this is realized by ultrasonication of the graphene flakes in the presence
of stabilizer. Sonication temperarily disrupts bonding between sheets, which allows
PEI-PY to more permanently attach to the surface of the sheets, shown schematically
in Figure 6.5. As the PEI-Py has been shown to behave similar in LbL deposition
to neat PEI, a polycation, it could easily be layered with anionic GO. The resulting
films would contain a much higher content of platelets and conductive filler in few
deposited layers, opening up the possiblity for increased electrical conductivity and
barrier to water vapor.
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Figure 6.5: Pyrene functionality from PEI-Py is capable of non-covalent bonding
with graphene sheets upon ultrasonication, resulting in a water-based suspension of
graphene. The resulting suspension can be used in LbL processing in the same way
as neat PEI.
6.2.3 Improved Patterning Resolution
Though soft patterning of conductive LbL films has been shown in Chapter 5,
further studies are needed to refine the process and reduce the size of patterned
features. In order to realize this goal, smaller features must be present in the stamps.
With the increase in popularity of focused ion beam (FIB) systems, it is now possible
to create highly customized stamp masters from which soft lithography stamps can
be cast, as shown in Figure 6.6.
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Figure 6.6: A schematic of FIB patterning, a process in which a beam of ions
directly writes a pattern into a substrate. FIB has resolution below 10 nm, and the
patterns it creates on hard substrates such as Si can be used as stamp masters for
soft lithography.
FIB is routinely used to rapidly create sub-micron features in silicon, which
allows it to be used for this purpose. In order to study the effects of miniatur-
ization of features, a systematic approach to reducing feature size is needed, with
a progression from 10 µm to 1 µm to sub micron feature sizes. This work can
then be extended to creating multilevel semiconductor devices by repeated deposi-
tion—reduction—patterning cycles (Figure 6.7), similar to how features are currently
created on silicon. This is necessary for the development of field effect transistors,
photonics, and microelectromechanical systems.
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(a) (b)
(c) (d)
Figure 6.7: A GO/polymer LbL film is deposited (a) and patterned using soft
lithography followed by reduction. A second GO-based assembly is deposited on top
of the first patterned layer (c), which can then be patterned and reduced (d) to form
complex structures. Higher resistance to etching after reduction ensures previously
deposited patterns are not altered.
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